Tocopherols, known as members of vitamin E, are the major lipophilic antioxidants in soybean. Since soybean seeds contain a low concentration of α-tocopherol (α-Toc), the tocopherol isoform with the highest vitamin E activity, some breeding efforts have been implemented to increase the α-tocopherol content in the seeds. In the present study, we used F 2 seed and F 2 plant (F 3 seeds) populations derived from a cross between a variety with a high α-tocopherol content, Keszthelyi A.S. (α-Toc 20-30%) and a Japanese cultivar, Ichihime (α-Toc < 10%) for genetic analysis of the high α-tocopherol concentration. There was no significant correlation between the α-tocopherol and total tocopherol contents in the F 2 plant (F 3 seeds) population, suggesting that the α-tocopherol and total tocopherol contents were regulated independently in the seeds. Therefore, it may be possible to increase the α-tocopherol concentration without affecting the total tocopherol content. Broad-sense heritability value for the α-tocopherol concentration trait was estimated to be 0.645 in the F 2 seeds, suggesting that the α-tocopherol concentration trait was highly heritable. Chi-square goodness-of-fit test for evaluating the relationship between genotype of certain SSR markers and the α-tocopherol concentration showed that the Sat_243 and Sat_167 markers (linkage group K) were significantly associated with the α-tocopherol concentration (P < 0.05). These markers could be used for marker-assisted selection to breed soybean cultivars with high α-tocopherol concentrations. Analysis of the F 2 seeds and the F 2 plants (F 3 seeds) for tocopherol composition showed that there was a significantly negative correlation between the α-tocopherol and γ-tocopherol concentrations, suggesting that the activity of γ-tocopherol methyltransferase, the enzyme that converts γ-tocopherol to α-tocopherol, is high in individuals with a high α-tocopherol concentration.
Introduction
Soybean [Glycine max (L.) Merril] contains the highest protein (40%) and second highest oil (20%) contents among the food legumes (Liu 1997) . Due to these attributes, it is one of the world's major food and feed crops. In 2004, soybean accounted for 67% and 30% of the world protein meal and vegetable oil consumptions, respectively (Syngenta Seeds 2006) .
In Asia, soybean is generally consumed as a processed food such as tofu, natto, miso, soy sauce and tempeh. Soy flour, protein and defatted meal are also used as ingredients in food and food processing. Soybean contains not only high protein and oil content, but also nutritional components that are associated with health benefits for human, including water-soluble antioxidant isoflavones that have potential to prevent cancer, and prevent osteoporosis and the menopausal syndrome in female. It also contains saponins which exhibit blood cholesterol-lowering properties (Liu 1997 , Kassem et al. 2004 .
Tocopherols, major lipophilic antioxidants in soybean, are known as members of the vitamin E group. Their structure consists of a polar chromanol head and a lipophilic phytyl tail. Naturally occurring tocopherols can be differentiated into four isoforms (α, β, γ, δ) , based on the number and position of the methyl groups attached to its chromanol head. Although four isoforms are absorbed equally in human intestines, in human liver, α-tocopherol is specifically recognized and absorbed by a hepatic tocopherol transfer protein (known as α-TTP), while in human blood plasma, α-tocopherol shows the highest retention among the four tocopherols. As a consequence, α-tocopherol displays the highest vitamin E activity whereas the β-, γ-, and δ-tocopherol activity are 40%, 10%, 1-2% respectively, of the vitamin E activity of α-tocopherol (Bramley et al. 2000 , Schneider 2005 . Generally, soybean oil shows a relatively higher total tocopherol content than that of other oil crops such as safflower and sunflower. However, in soybean, γ-tocopherol is the most abundant (about 70% of the total tocopherol content); while in safflower and sunflower, α-tocopherol predominates (about 80% of the total tocopherol content). Therefore, the vitamin E activity in soybean is actually lower than that of safflower or sunflower (Bramley et al. 2000) . Thus, some of the breeding objectives of soybean include the improvement of the nutritional value by increasing the α-tocopherol content and enhancing the vitamin E activity in seeds.
Using transgenic technologies, gene encoding γ-tocopherol methyltransferase that converts γ-and δ-tocopherol to α-and β-tocopherol, respectively, and gene encoding 2-methyl-6-phytylbenzoquinol methyltransferase (MPBQ-MT) that converts 2-methyl-6-phytylbenzoquinol (MPBQ) to 2,3-methyl-6-phytylbenzoquinol (DMPBQ), a precursor of γ-tocopherol, are coexpressed in soybeans. As the result, the α-tocopherol content increased to more than 90%, while the vitamin E activity increased up to fivefold (Van Eenennaam et al. 2003) .
In the previous paper, we reported that three soybean varieties showed a high α-tocopherol concentration, and this level was maintained in the two years of planting (Ujiie et al. 2005) . Since γ-tocopherol also plays significant nutritional and functional roles (Christen et al. 1997) , manipulation of both α-and γ-tocopherols is an important breeding strategy in soybeans. In the present experiment, we crossed the variety with a high α-tocopherol content, Keszthelyi A.S. (20-30% of the total tocopherol content) with Ichihime, a Japanese cultivar with an average α-tocopherol content (< 10% of the total tocopherol content), and used the F 2 and F 3 generations for genetic analysis of the α-tocopherol concentration and content.
Materials and Methods

Plant materials
Keszthelyi A.S. (origin: Hungary), a variety with a high α-tocopherol (Toc) content that was identified in the previous study (Ujiie et al. 2005) , was crossed with cv. Ichihime, a Japanese variety with an average level of α-Toc content. The F 1 plants were grown in the experimental field of Hokkaido University in 2004, and selfed to produce F 2 seeds that were bulked and used for further studies. One-hundred and forty F 2 seeds were planted for genetic analysis and progeny development in a greenhouse in late February 2005. The F 3 seeds were harvested separately from individual 122 F 2 plants.
Analysis of tocopherol composition and quantification
One-hundred and forty F 2 seeds used for genetic analysis and progeny development were analyzed for the tocopherol composition by half-seed method. For the half-seed method, the distal portion (about 10 mg) of the seeds was cut-off with a razor blade and weighed in a 1.5 ml Eppendorf tube. The sample was supersonicated in 300 µl of 80% aqueous ethanol for 10 minutes at room temperature. Six hundred µl of hexane was added to the sample. After a second supersonication that was followed by centrifugation, 30 µl of the hexane layer (upper phase) was subjected to high performance liquid chromatography (HPLC), under the same condition previously described (Ujiie et al. 2005) . Analysis was performed in a HPLC (Hitachi LaChrom Elite, Hitachi High-Technologies Corp., Japan) with an Inertsil ODS-3 reverse phase column (3.0 × 250 mm, GL Sciences, Japan) at 40°C, at a 0.5 ml/min flow rate using CH 3 CN/CH 3 OH (75 : 25 v/v) for 25 min. Tocopherols were detected by UV light (295 nm).
Another group of 204 F 2 seeds was subjected to quantitative analysis of individual tocopherols using whole-seed method. For the whole-seed method, individual seeds were ground to a fine powder and 50 mg of the powder was used for the quantification. Aqueous ethanol (1000 µl) was added to the sample, followed by saponification with 2000 µl of hexane. After centrifugation, 30 µl of the hexane layer was subjected to the HPLC, under the same method previously described (Ujiie et al. 2005) . CH 3 CN/CH 3 OH (90 : 10 v/v) was used as the mobile phase. Tocol (Tama Biochemical Co., Ltd., Japan) was used as an internal standard.
We cannot exclude the possibility that the tocopherol composition obtained by the half-seed method did not correspond to that by the whole seed. We analyzed the distal portion of seeds by the half-seed method, and the remaining part of them by the whole-seed method. We confirmed that there was no difference in the tocopherol composition between the half-seed method and the whole-seed method (data not shown).
Quantitative analysis was also performed for F 3 seeds. Ten F 3 seeds randomly chosen from individual F 2 plants were bulked and analyzed by the whole-seed method.
Broad-sense heritability of α-tocopherol concentration
Broad-sense heritability of the α-tocopherol concentration in the F 2 seeds was calculated as follows: h 2 = {V F2 − (V P1 + V P2 )/2}/V F2 , with h 2 as broad-sense of heritability value, V F2 as the variance of the F 2 seeds, V P1 and V P2 as the variance of the parents (cv. Ichihime and var. Keszthelyi A.S, respectively). Variance of the parents was obtained from α-tocopherol variance of five individual seeds.
Total DNA extraction
Leaves collected from individual F 2 plants were frozen with liquid nitrogen, and stored at −30°C until total DNA extraction was performed. Total DNA was extracted by the method of Doyle and Doyle (1987) , with some modifications. An aliquot of about 0.2 g of leaves was ground in liquid nitrogen using a mortar and a pestle. Cetyl trimethyl ammonium bromide (CTAB) extraction buffer was added to the fine mixture, and incubated for 30 min at 60°C. The extracts were mixed with chloroform-isoamyl alcohol (24 : 1) and centrifuged at 10,000 rpm for 5 minutes. The aqueous solution was transferred to a new 1.5 ml tube, and mixed with cold isopropanol. Crude nucleic acids were collected by centrifugation at 10,000 rpm for 5 minutes. The extracted nucleic acids were dissolved in 150 µl of TE buffer, after which 150 µl of lithium chloride was added and incubated at 4°C overnight to remove the RNA. After centrifugation at 10,000 rpm for 15 minutes, the aqueous solution was transferred to a new tube, and total DNA was collected by ethanol precipitation. Recovered total DNA was dissolved with 100 µl of TE buffer. About 20 ng of total DNA was used as DNA template for PCR analysis.
Genotypic analysis using SSR markers
A total of 280 SSR markers, selected to cover all the 20 linkage groups of a consensus linkage map (Song et al. 2004 , Cregan et al. 1999 , were screened for polymorphism between the parental varieties Ichihime and Keszthelyi A.S. Among the 280 markers screened, 67 markers were used to examine the genotype of the F 2 population. PCR conditions were as follows: an initial denaturation of 5 min at 95°C, followed by 35 cycles of denaturation (30 sec at 95°C), annealing (20 sec at the optimum temperature of each marker) and extension (20 sec at 72°C), and a final extension of 7 min at 72°C. PCR products were separated by electrophoresis in 3% or 4% w/v Nusieve 3 : 1 Agarose gel (Cambrex Bio Science Rockland, Inc.). The gel was stained with ethidium bromide and photographed under UV light. The genotype of each F 2 plant was determined based on the distance traveled on the gel compared with that of the two parents and the heterozygous type.
Evaluation of SSR markers linked to high α-tocopherol concentration and content
Based on their α-tocopherol concentration, 20 F 2 plants with the highest concentration (high α-group) and 20 F 2 plants with the lowest concentration (low α-group) were selected for the evaluation of the SSR markers linked to high α-tocopherol concentration. At the loci of 67 SSR markers, the distribution of the genotype in the two differential groups was evaluated by chi-square goodness-of-fit test. The genotype distribution should fit to the ratio 1 : 2 : 1 for homozygous Ichihime: heterozygous-type: homozygous Keszthelyi A.S., if the SSR marker randomly segregated in the F 2 population at a certain locus. Conversely, a biased segregation pattern of the SSR marker in the two groups would suggest that the SSR marker may be linked to high α-tocopherol concentration.
Results and Discussion
Frequency distribution of α-tocopherol concentration in the F 2 seeds and F 2 plants (F 3 seeds)
The frequency distribution of the α-tocopherol concentration in a total of 140 F 2 seeds (half-seed method) is shown in Figure 1 . The α-tocopherol concentration of the F 2 seeds ranged from 7 to 26% of the total tocopherol content. About one-half of the total F 2 seeds showed the same as or higher α-tocopherol concentration than that of the high α-Toc parent, var. Keszthelyi A.S. On the other hand, only few F 2 seeds showed the same as or lower α-tocopherol concentration than that of cv. Ichihime. Quantitative analysis of 204 F 2 seeds (whole-seed method) showed a frequency distribution of α-tocopherol in the range from 6 to 28% of the total tocopherol content (data not shown). F 2 seeds derived from the reciprocal cross Keszthelyi A.S. × Ichihime also showed a similar distribution (data not shown).
We analyzed the α-tocopherol concentration in the respective powder samples from ten F 3 seeds randomly chosen from individual F 2 plants. The frequency distribution of a total of 122 F 2 plants (F 3 seeds) shown in Fig. 2 displayed a continuous distribution pattern. Only few F 2 plants (F 3 seeds) showed the same as or higher α-tocopherol concentration than that of var. Keszthelyi A.S., while about one-third of the total F 2 plants (F 3 seeds) showed the same as or lower α-tocopherol concentration than that of cv. Ichihime.
The difference in the segregation pattern between the F 2 seeds and F 2 plants (F 3 seeds) might be due to environmental factors influencing the α-tocopherol concentration. Transgressive segregates showing a higher α-tocopherol concentration than that of the high α-Toc parental variety were observed in both populations, although the number of segregates was much smaller in the F 2 plants (F 3 seeds) than in the F 2 seeds. It remains to be determined whether the transgressive segregation observed in both populations may still appear in the progenies, such as recombinant inbred lines (RILs) and backcrossed lines (BCLs). We are currently developing RILs as well as BCLs to analyze the segregation pattern of the α-tocopherol concentration in the progenies.
The α-tocopherol concentration of the F 2 plants (F 3 Fig. 1 . Frequency distribution of α-tocopherol concentration in 140 F 2 seeds from the cross Ichihime × Keszthelyi A.S. seeds) ranged from 10 to 50% of the total tocopherol content, while in the F 2 seeds it varied from 7 to 26%. It is generally recognized that warm temperatures during seed maturation increase α-tocopherol percentage within the total tocopherol content (Almonor et al. 1998, Britz and Kremer 2002) . The F 2 seeds were harvested from the field in the autumn of 2004, at temperatures of around 10 to 15°C. In contrast, the F 3 seeds were harvested from the greenhouse, at the relatively warmer temperatures of 25 to 30°C in the late spring of 2005. The warmer temperatures probably led to the increase of the α-tocopherol concentration in the F 2 plants (F 3 seeds). A weakly positive correlation was observed between the α-tocopherol and total tocopherol contents in the F 2 seeds (r = 0.255, P < 0.05) ( Figure 3A) , while there was no significant correlation between the α-tocopherol and total tocopherol contents in the F 2 plants (F 3 seeds) (r = 0.124, P < 0.05) ( Figure 3B ). These results suggest that the α-tocopherol content and total tocopherol content may be regulated independently in soybean. Therefore, it may be possible to increase the α-tocopherol content without affecting the total tocopherol content in the seeds.
Relationship between F 2 and F 3 generations
Correlation between the F 2 seeds and the respective F 3 seeds (F 2 plants) in relation to the α-tocopherol concentration is shown in Figure 4 (r = 0.545, P < 0.05). The value of broad-sense heritability (h 2 ) was estimated to be 0.645 in the F 2 seeds. As a trait, this value indicates that the α-tocopherol concentration is highly heritable.
Genotypic analysis using SSR markers
Chi-square goodness-of-fit test was performed on 67 SSR markers to evaluate the relationship between the genotype of certain SSR markers and the α-tocopherol concentration. Among all the markers, the Sat_167 and Sat_243 markers (linkage group K) were found to be strongly associated with the α-tocopherol concentration, because the genotypes of both markers showed a significant distortion toward the 1 : 2 : 1 segregation ratio for the homozygous Ichihimetype: heterozygous-type: homozygous Keszthelyi A.S.-type (Table 1) . Based on the soybean consensus linkage map (Song et al. 2004) , the Sat_167 and Sat_243 markers flanked an area covering 1.6 cM, suggesting that these SSR markers are probably linked to the gene(s) controlling high α-tocopherol concentrations in soybean seeds. Fig. 3 . Relationship between α-tocopherol content and total tocopherol content in F 2 seeds and F 2 plants (F 3 seeds). N: number of seeds or plants analyzed. r: correlation coefficient. *significant at the 5% level Fig. 4 . Relationship between α-tocopherol concentration in F 2 plants (F 3 seeds) and respective parents F 2 seeds. N: number of seeds or plants analyzed. r: correlation coefficient. *significant at the 5% level Further studies are under way to identify other QTL(s) controlling the α-tocopherol content in soybean seeds.
Relationship between tocopherol components
Tocopherols are derived from a common precursor, 2-methyl-6-phytylbenzoquinol (MPBQ). MPBQ methyltransferase converts MPBQ to 2,3-methyl-6-phytylbenzoquinol (DMPBQ), tocopherol cyclase converts MPBQ to δ-tocopherol, DMPBQ to γ-tocopherol, while γ-tocopherol methyltransferase (γ-TMT) converts δ-and γ-tocopherols to β-and α-tocopherols, respectively (DellaPenna 2005).
A significantly negative correlation was observed between the γ-and α-tocopherol concentrations, either in the F 2 seeds (r = −0.545, P < 0.05) ( Figure 5A ) or F 2 plants (F 3 seeds) (r = −0.889, P < 0.05) ( Figure 5B ), suggesting that the activity of γ-TMT, the enzyme that converts γ-tocopherol to α-tocopherol, is high in individuals with a high α-tocopherol concentration. Surprisingly, the δ-and γ-tocopherol contents showed a significantly positive correlation both in the F 2 seeds (r = 0.625, P < 0.05) ( Figure 6A ) and in the F 2 plants (F 3 seeds) (r = 0.656, P < 0.05) ( Figure 6B ). Assuming that the biosynthesis of MPBQ is the same in all the individuals, δ-and γ-tocopherols should show a negative correlation. Based on our result, it is likely that the biosynthesis level of MPBQ varied among individuals.
Correlation with the β-tocopherol content could not be revealed because the separation method used in the present study did not enable to distinguish β-and γ-tocopherol peaks. Tocopherol separation using a normal phase column showed that the β-tocopherol content in the seeds of cv. Ichihime and var. Keszthelyi A.S. increased with the increase in the temperature. In soybean seeds, since the content of β-tocopherol is generally very low (< 2%), this component neglected in the tocopherol composition. However, the correlation between the β-tocopherol content and that of the other tocopherols may provide more information about the relationship between the tocopherol components.
Identification of the markers associated with high α-tocopherol concentration will be useful for marker-assisted selection of soybean plants with high α-tocopherol concentration. So far, QTLs associated with tocopherols have been identified in maize (Rocheford et al. 2002 , Wong et al. 2003 , and winter oilseed rape (Marwede et al. 2005) . Further studies are in progress for locating the chromosome region(s) with QTL(s) associated with the α-tocopherol concentration and/or content traits. We are currently developing recombinant inbred lines (RILs) from an F 2 population to gain a better understanding of the phenotypic variation of the traits. We are also developing near isogenic lines (NILs) by backcrossing progenies with a high α-tocopherol content Fig. 5 . Relationship between γ-tocopherol and α-tocopherol concentrations in F 2 seeds and F 2 plants (F 3 seeds) N: number of seeds or plants analyzed. r: correlation coefficient. *significant at the 5% level Fig. 6 . Relationship between δ-tocopherol content and γ-tocopherol content in F 2 seeds and F 2 plants (F 3 seeds). N: number of seeds or plants analyzed. r: correlation coefficient. *significant at the 5% level to the parent cv. Ichihime. Analysis of NILs should provide information about the genetic effect of the QTL(s) associated with the α-tocopherol concentration trait. It is also necessary to identify the gene(s) located at these QTL(s) for the characterization of the genetic mechanism that regulates α-tocopherol accumulation in soybean seeds. As the temperature when the seed matures influences the α-tocopherol content in soybean seeds, it would be important to study the gene-environment interaction in tocopherol biosynthesis. This information should be useful for metabolic engineering of tocopherols in soybean seeds.
Literature Cited
